Abstract -The genetic structure of the Iberian honey bee (Apis mellifera iberiensis) was studied by analysing 10 microsatellite loci in 362 workers representative of nine Spanish provinces. Heterozygosity values of Iberian honeybee populations are intermediate between African and west European ones whereas allelic diversity is remarkably high at several loci. There is no definite geographic structure of Iberian honeybee populations. At a peninsular scale, the expected clinal pattern observed with mitochondrial data has been probably lost due to the extensive practice of mobile beekeeping and increased colony trade-off. Due to these practices, it is expected that the genetic homogenisation will increase during the next years. Though this might have positive effects on honey production, putative ecotypes existing in Iberia would be prone to disappear.
INTRODUCTION
Mediterranean populations of the honeybee Apis mellifera belong to four evolutionary lineages characterised by both morphological (Ruttner 1988 ) and molecular characters (Smith et al. 1991; Garnery et al. 1992; Estoup et al. 1995; Arias and Sheppard 1996; Franck et al. 2001) . Each of them has a particular distribution: Africa (A lineage), West and North Europe (M lineage), Southeast Europe (C lineage) and Near and Middle East (O lineage). Lineages A and M intergrade in the Iberian Peninsula giving rise to the subspecies Apis mellifera iberiensis Engel, 1999. Hybridisation in this subspecies is observed in morphological and ethological characters (Ruttner 1988 ).
The hybrid origin of the Iberian honeybee can be observed in the mitochondrial DNA as it shows haplotypes belonging to both A and M evolutionary lineages what has been fully documented in thousands of samples representative of the whole peninsula (Miguel et al. 2007; Cánovas et al. 2008) . Honeybee populations from the Iberian Peninsula show a definite structure with regard to mitochondrial markers, as the frequency of African haplotypes decreases from southwestern to northeastern Iberia while West European haplotypes increases in the same ratio. This result is likely supported by both historical and selective factors: successive cycles of colonisation, extinction, survival on refugia and recovery of Iberian populations during Pleistocene glaciation events, and adaptation to local conditions (Miguel et al. 2007; Cánovas et al. 2008) .
It is unclear why the clinal variation found in Iberia for mtDNA haplotypes does not occur with regard to microsatellite markers. First results reported by Garnery et al. (1998b) showed that microsatellite loci are much less variable in Iberia and France than in Africa, as a result of a hypothetical bottleneck in Iberian populations during the last glaciation (Franck et al. 1998; Garnery et al. 1998b) . Microsatellites indicate a clear-cut disruption between Africa and Europe. Moreover, the genetic profiles are rather homogeneous from Spain to Scandinavia (Garnery et al. 1998b) . Later results suggested a more complex situation as genetic diversity detected in populations from Murcia (De la , Balearic Islands (De la Rúa et al. 2003) and Andalusia (De la Rúa et al. 2004b) showed intermediate values between African and West European populations. However, Miguel et al. (2007) found that nuclear genetic diversity was similar between Iberian, French and Belgian populations, and hypothesised that this similarity was due to higher mutation rates of the microsatellites, which would rapidly increase the initial diversity of refugee populations after the last glaciation maximum, thus masking the effects of the re-colonisation process in a relatively short time. These conclusions were based on samples coming from 18 Iberian populations covering a large peninsular area but excluding the northwestern quadrant.
Further, it should be noted that due to the nature of nuclear DNA and the mating behaviour of honeybees, the geographic distribution of microsatellite markers in Iberian populations could have been changed by apiculture practices during the last 20 years. Migratory beekeeping has become an extended practice in all Mediterranean countries, being fully developed in the Iberian Peninsula (Ruíz and Ruíz 1986) . In Spain, 80% of the estimated number of colonies is moved in a yearly cycle that often includes three movements from winter to spring and later on to summer-fall locations. This activity permits optimum exploitation of flowering periods in a latitudinal and altitudinal gradient but originates a potential bi-directional genetic flow between mobile and resident hives (Perrier et al. 2003) . Furthermore, honeybee populations have been decimated by the parasitic mite Varroa destructor that killed thousands of Iberian colonies during the 1980s and the 1990s (Gómez-Pajuelo 1988; Gómez-Pajuelo 2003) . The genetic changes in local honeybee populations have possibly been speed up by the recovery of these colonies, as many beekeepers purchased colonies from other regions, thus favouring the homogenization of Iberian honeybees at a peninsular scale.
The initial hypothesis to be tested postulates that Iberian honeybee populations will show a decreasing diversity from south to north (according to the general pattern found between Africa and Europe), and an isolation-bydistance effect as a main factor to explain the differences between populations (according to Miguel et al. 2007) . To this aim, 10 microsatellite markers were studied in nine populations of the Iberian Peninsula, with particular attention to those located at the northwestern quadrant.
MATERIALS AND METHODS

Sampling
A total of 362 honeybee workers (one worker bee per colony) were collected from the inner frames of the beehive. Samples were from 49 apiaries located in nine Spanish provinces with different beekeeping practices (Table I and Figure 1 ; detailed in Appendix I). In that sense, Cáceres, Cádiz, Tarragona and Valencia hold predominantly migratory colonies while the other provinces hold predominantly stationary colonies. Samples were grouped at a province scale, according to the criterion of the maximum radius of mating flight. Drones and queens of different colonies gather in a drone congregation area (DCA) and thus localities with shared DCAs have a panmictic population structure. Recent conservation studies aimed to identify pure breed mating areas estimated 20 km as a minimum distance for genetic isolation (Kraus 2005) . Samples overlapping circles of 20 km radius were considered to make a single population ( Figure 1) ; for this reason, samples of the same province were equated to a single population and are named in this work according to the corresponding Spanish name.
Microsatellite amplification
Samples were brought to the laboratory preserved in absolute ethanol. Total DNA was extracted from one leg following Walsh et al. (1991) with a Chelex 5% based protocol. Honeybee populations were scored using 10 microsatellite loci: A007, A024, A028, A088, Ap043, Ap055, Ap066, Ap081, A107 and A113 (Solignac et Figure 1 . Iberian honeybee populations analysed by microsatellite loci. The area including the points shows the minimum distance of genetic isolation and refers to a panmictic population structure (Kraus 2005 Solignac et al. (2003) . Allele sizes were determined in an ABI PRISM 3700 DNA Sequencer (Applied Biosystems) and scored using STRand v2.3.106 (Pereira et al. 2007 ).
Genetic variability analysis
Unbiased estimates and standard deviations of gene diversity of microsatellite loci (H e ) were calculated following Nei (1978) . Genotypic linkage disequilibrium and genic and genotypic differentiation were also computed. Probabilities of random departure from Hardy-Weinberg equilibrium and inbreeding coefficient (F IS ) were calculated using the exact test method (Raymond and Rousset 1995a) and the permutation test (Belkhir et al. 2004 ). Data were analysed using the GENEPOP ON THE WEB (http://genepop.curtin.edu.au/, Raymond and Rousset 1995b) and GENETIX v4.0.5 package (Belkhir et al. 2004 ). FreeNA software v1 was used to infer the presence of null alleles that lead to the overestimation of both F ST and genetic distance in cases of significant population differentiation (Chapuis and Estoup 2007) .
These indices do not allow for a statistical comparison of alleles richness for populations with different sample sizes. Using rarefaction method, the expected number of alleles in a random subsample from a population with an observed allele richness distribution can be calculated (Kumar et al. 1999) . This process yielded after 200 iterations, the mean number of sampled individuals required to detect all the distinct alleles within a population.
Population structure analysis
Population structure was inferred using STRUCTURE v2.3 software by the method of Pritchard et al. (2000) from multilocus genotype data. We assumed a model in which there were from 1 to 12 populations (K clusters). Each K was replicated 20 times for 100,000 iterations after a burn-in period of 50,000, without any prior information on the population of origin of each sampled individual.
Population substructure was evaluated by calculating pairwise and global F ST values (Wright 1951 ); CavalliSforza and Edwards (1967) distance was calculated using POPULATIONS software v1.2.30 over 10,000 bootstraps on individuals (http://bioinformatics.org/ tryphon/populations/). Hypotheses of isolation by distance were tested according to Slatkin (1993) with a Mantel test (Mantel 1967) . Probabilities were read directly from the distribution of 1,000 randomised matrices computed by permutation. Mantel's test was performed using the procedure of the R statistical software (R Development Core Team 2008).
Spatial structure of genetic variation within populations, an important interacting influence on evolutionary processes, can be analysed in detail by assessing associations between the genetic relatedness of pairs of individuals and the geographical distance (Epperson and Li 1996) . Multiallelic and multilocus approaches were performed to estimate spatial autocorrelation from genetic distances and mean number of common alleles (Smouse and Peakall 1999) . Geographic distances were grouped in 20 categories, including at least 1,200 comparisons per category. A Monte Carlo simulation was performed to estimate the deviation from the random distribution with a 95% confidence interval (Streiff et al. 1998) .
Correlation analyses fail to identify the existence of genetic barriers, namely, the areas where a given variable shows an abrupt rate of change. Monmonier's maximum difference algorithm enables a better interpretation of microevolutionary processes, such as gene flow, genetic drift, and selection (Manni et al. 2004 ). Cavalli-Sforza and Edwards (1967) genetic distances and F ST applied to pairs of provinces were used to produce the genetic matrices. Monmonier's maximum difference algorithm was then used to identify putative genetic boundaries across the Iberian Peninsula by BARRIER v2.2 software (Manni et al. 2004) .
A factorial analysis of correspondence (AFC) using the individual microsatellite allelic composition was performed (Belkhir et al. 2004 ). Ordination summarises all the variation in the study area and accommodates each population as a study unit (Manel et al. 2003) . Then, the inverse distance weighted interpolation of the major principal components leads to a synthesis map, which gives insights into the spatial pattern concerned (Hanotte et al. 2002) . AFC analyses were performed using GENETIX and interpolation using GRASS GIS software (GRASS Development Team 2008).
RESULTS
Genetic variability
Rarefaction curves for total allele richness in A. m. iberiensis showed that the minimum sample size for 95% of the expected total allele richness was attained in all A. m. iberiensis populations.
Allele frequencies for all loci per sampling site combinations are detailed in Appendix II, including observed (H o ) and expected heterozygosity (H e ). In total, 124 alleles were detected and all loci were polymorphic in almost all populations, except Cádiz, Asturias and Cáceres for locus A028. The mean number of alleles in each population varied between 5 (La Coruña) and 7.5 (Valencia, Table I ). The value observed in La Coruña might be due to the small sample size (n=18), although the total number of alleles (five alleles) was similar to that found in other populations with higher sample sizes (e.g., Orense, Pontevedra or Cádiz).
Tarragona, Valencia and Asturias showed a positive and significant value of F IS (Table I) , and also a significant departure of Hardy-Weinberg equilibrium due to heterozygote deficiency. Samples from Cádiz also showed a significant departure of H-W equilibrium for exact test values but F IS values did not indicate a heterozygote excess. The other populations showed a situation close to Hardy-Weinberg equilibrium.
Multiple probability tests for all populations detected signs of linkage disequilibrium between loci A007 and A24, and A028 and Ap043 (P>0.05), although there were only single significant values for every single population. Genic and genotypic differentiation tests demonstrated the genetic differentiation existing among pairs of populations except for La Coruña, Orense and Pontevedra with Cáceres, and Orense with La Coruña (Table II) .
Population structuring
The populations of A. m. iberiensis did not show a definite structure as shown by the Bayesian approach. This analysis suggests a K= 1 best describing the situation among samples. Accordingly, the global F ST (0.036) and the mean genetic differentiation (F ST ) of pair wise comparisons were low, ranging from 0.101 (Burgos and Cádiz) to 0.006 (Orense and Cáceres; Table II) . The values observed between Orense-Pontevedra (these two provinces are located at the northwestern side of the Iberian Peninsula), and Valencia-Tarragona (located at the eastern Mediterranean coast) were not significant.
The absence of a geographical pattern was confirmed by the non-significant results (Mantel test) between geographic and Cavalli-Sforza and Edwards distances (r=0.233; P=0.141), although well-supported groups were observed in the genetic distances dendrogram (Figure 2 ). Tarragona and Valencia were differentiated from the rest of populations, and two groups in which populations from North and South Iberia are mixed (Cáceres and Orense, and Asturias and Cádiz) were formed.
Spatial autocorrelation showed that geographical distance is not the main determinant factor of spatial genetic structure in the Iberian honeybee populations (Figure 3 ). Samples separated less than 200 km showed significant higher numbers of common alleles and smaller genetic distances between individuals, but similar values were also found at distances higher than 650-750 km. The main contribution to this distance class was the relation between samples from Asturias and Cádiz. Distances between samples close to 400 km, showed significant genetic similarity values too, but lower than the other categories. In this case, the higher contribution was the relationship between Burgos with La Coruña and Pontevedra, and Cáceres with Cádiz.
Two main genetic boundaries were detected by the Monmonier's algorithm. The most significant was detected between the populations from Tarragona and Valencia and the other Iberian honeybee populations (Figure 1 ). This result was corroborated by the correspondence analysis. The first component showed a gradient between eastern (darkest areas) and the rest of Iberian samples, explaining 26.30% of the total microsatellite allele variation (Figure 1 ). The extreme of that gradient (lightest areas in Figure 1) showed the similarities between Cádiz and northwestern localities. The second genetic barrier was found between Burgos and the surrounding populations. The second component of the ordination showed the same pattern, adding 19.50% to the cumulative variation of 45.80%. In this case, the extreme of the gradient (darkest areas) was made up by the similarities of western Iberian populations.
DISCUSSION
Genetic diversity and structure of Iberian honeybees
The number of alleles per locus and the heterozygosity values found in this study are higher than those reported by Franck et al. (1998) for three samples from Sevilla, Segovia and San Sebastián (H e =0.283-0.331), and are more similar to those reported by De la for Murcia (SE Spain; H e =0.448) and by Miguel et al. (2007) for different Iberian regions (H e =0.442-0.516). As a whole, the sampled populations are not structured according to a definite geographic pattern, in contrast to that found in mitochondrial haplotypes (Cánovas et al. 2008 ). This finding does not give support to our initial hypothesis stating that populations from South Spain will show higher allelic diversity than those from North Spain Ast ***/*** ***/** ***/*** ***/*** ***/*** ***/*** ***/*** ***/*** Bur 0.073/*** ***/*** NS/*** ***/*** ***/*** ***/*** ***/*** ***/*** Cad 0.008/* 0.101/*** ***/*** ***/*** ***/*** ***/*** ***/*** Cor 0.029/*** 0.057/*** 0.022/*** NS/NS NS/NS ***/*** ***/*** ***/*** Ext 0.006/** 0.031/*** 0.024/*** 0.023/*** NS/NS NS/NS ***/*** ***/*** Ore 0.012/*** 0.043/*** 0.011/** 0.011/* 0.006/** **/* ***/*** ***/*** Pon 0.020/*** 0.018/*** 0.034/*** 0.014/** 0.007/** 0.004/NS ***/*** ***/*** Tar (Franck et al. 2001 ). However, the pattern seems to have disappeared within the Iberian Peninsula. Only the Pyrenees seems to be a barrier between populations at each side (Miguel et al. 2007 ). Although Miguel et al. (2007) concluded that 'the shorter the geographic distance between populations, the greater their genetic similarity', our data exemplify too many exceptions. Possibly, the validity of that conclusion depends on the degree of change experimented by the populations subjected to comparison due to beekeeping activities.
Morphology, allozyme and mtDNA data clearly show a wide hybridisation area between African and European lineages where A. m. iberiensis occur (Ruttner 1988; Garnery et al. 1998a; Franck et al. 1998; Arias et al. 2006; Miguel et al. 2007; Cánovas et al. 2008) . Data from SNPs led to postulate the African origin of A. mellifera and that there were at least two subsequent expansions into Eurasia-a western expansion into Europe (M) and one or more eastern expansion into Asia and Europe (O and C; Whitfield et al. 2006) . The intermediate values of microsatellite heterozygosity agree with the survival of Iberian populations during the last glaciation event-which lately colonised Western Europe during present postglacial period-and the arrival of the hypothesised colonisation waves from North Africa (Garnery et al. 1998b; Franck et al. 1998; Miguel et al. 2007 ; data presented here).
Genetic consequences of beekeeping practices
In spite of the lack of a geographic structure at a peninsular scale showed by the STRUCTURE results, signs of a genetic substructure were found. Populations of the Mediterranean region, Tarragona and Valencia, showed deviations of the Hardy-Weinberg equilibrium which indicate a deficiency of heterozygotes congruent with F IS values. The group made by these two geographically close populations is supported by the genetic distances and the genetic boundary found after the spatial interpretation of the ordination analysis (Figure 1 ). The regional laws that have compelled the beekeepers from Valencia to periodically move their colonies 5 km away from citrus areas during the flowering period (from April until the end of May), in order to avoid cross-pollination that produces citrus fruits with seeds, may have influenced the genetic variability of these colonies (De la Rúa et al. 2004a ).
The marked degree of homogenisation at a peninsular scale suggests that a large amount of gene flow has occurred between Iberian populations in recent times. Two processes seem to account for most of these findings. The first is related to the need of a rapid recovery of populations affected by Varroa. A large amount of honeybee colonies of the Iberian Peninsula were destroyed in the 1980s by the parasitic mite V. destructor (Gómez-Pajuelo 1988 and personal communication), with losses up to 50% in some cases. Population recovery was achieved either by swarming (or partition of surviving colonies) and by purchasing colonies (or mated queens) often from distant localities. Unfortunately, there are few documented data about the intensity of this process and only oral reports from beekeepers can be used as evidence of this process.
The second process is mobile beekeeping that affects 28.58% of the Spanish beeyards (ranging from 94.86% of the registered colonies in Valencia to 0.98% in Galicia, including all the provinces: La Coruña, Pontevedra and Orense; data from 2009; http://www.mapa.es/ app/Miel/indicadores/Indicadores.aspx?lng=es, accessed 12/02/2010). Mobile beekeeping allows for a bidirectional gene flow between mobile and local colonies though as noted by Perrier et al. (2003) , it seems that there is a skewed flow from local to mobile populations. Beekeeping practices vary between provinces as stated before though there is a general trend to move the colonies from areas with a Mediterranean climate (and an early flowering season), to areas with a milder summer and late flowering period (mountains of central and north Spain). This means that few areas of Spain can avoid the influence of mobile beekeeping.
The values of genetic diversity, genetic differentiation and H-W equilibrium found in Burgos population (central-northern Spain) are likely related to this process. Since the last decade there are in this province summer settlements of colonies coming either from south and central Spain or from the Basque Country, thus favouring the gene flow between geographically distant populations. On the contrary, Asturias shows lower heterozigosity than other northern regions but an H-W disequilibrium with a heterozigosity excess. These results could show the relative isolation of this area from the most frequent paths of mobile beekeeping that particularly affect more southern regions and an enhanced practice of swarming to recover lost colonies, preventing homogenization and increasing heterozigosity. In provinces close to Asturias located in Galicia (La Coruña, Pontevedra, Orense), mobile beekeeping is not intense but heterozigosity levels increase probably due to the sharp transition of African and European lineages (Cánovas et al. 2008) , that favours hybridization between both lineages.
Historical and climatic factors would produce a natural distribution pattern of mtDNA haplotypes across the Iberian Peninsula that remains stable due to the maternal inheritance of mtDNA and the mating behaviour of honeybees. Nevertheless, anthropogenic factors may rapidly change this pattern because of the great development of mobile beekeeping and man-made replacement of native colonies (Cánovas et al. 2008) , as it was found on the islands of Formentera and Ibiza (De la Rúa et al. 2001 ) and on the Canary Islands (De la Rúa et al. 2002a ). It should be noted that the geographic distribution of microsatellite markers in Iberian populations has been possibly changed by apiculture practices during the last 20 years. It can be concluded that in relation to the nuclear genetic diversity reflected by microsatellites, the honeybee populations of Iberia make up an almost unique population, with a discrete differentiation between an eastern Mediterranean subpopulation (represented by Tarragona and Valencia) and a western subpopulation including the other peninsular areas. This unexpected level of homogenisation is likely caused by a trade-off of colonies from distant sources and by mobile beekeeping-the importance of each of these two processes must be ascertained. The overall effect of both processes is the increase of the genetic diversity of colonies, what is thought to increase the productivity and fitness of the colonies (Mattila and Seeley 2007) . However, this homogenisation could also lead to the loss of putative ecotypes, that is, local populations well adapted to particular conditions after many generations of selection by natural and man-made factors. An effort to describe and preserve these ecotypes is thus a strong commitment for the next years.
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La variabilité des microsatellites révèle les effets de l'apiculture sur les populations d'abeilles espagnoles. 
Apis mellifera
